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Air Pollution and Daily Mortality in Three U.S. Counties
Suresh H. Moolgavkar
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I used generalized additive models to analyze the time-series of daily total nonaccidental and
cause-specific (cardiovascular, cerebrovascular, and chronic obstructive pulmonary disease) deaths
over the period 1987-1995 in three major U.S. metropolitan areas: Cook County, Los Angeles
County, and Maricopa County. In all three counties I had monitoring information on particulate
matter < 10 pm (PM1o), carbon monoxide, sulfur dioxide, nitrogen dioxide, and ozone. In Los
Angeles, monitoring information on particulate matter < 2.5 pm (PM2.5) was available as well. I
present the results of both single and multi-poliutant analyses. Air pollution was associated with
each of the mortality end points. With respect to the individual components ofthe pollution mix,
the results indicate considerable heterogeneity of air poliution effects in the different geographic
locations. In general, the gses, particularly CO, but not ozone, were much more strongly associ-
ated with mortality than was particulate matter. This association was particularly striking in Los
Angeles County. Key words: carbon monoxide, cardiovascular disease, cerebrovascular disease,
chronic obstructive pulmonary disease, nitrogen dioxide, ozone, particulate matter, sulfir dioxide.
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A substantial body of epidemiologic litera-
ture indicates that air pollution, even at the
generally low concentrations found in con-
temporary U.S., Canadian, and western
European cities, is associated with adverse
effects on human health. Reported effects of
air pollution include decreased lung function
(1,2), increased emergency room visits for
asthma (3), increased hospital admissions
(4,5) and, most importantly, increased mor-
tality (6-16). Although human populations
are exposed to a complex mixture of air pol-
lutants that vary in composition with geog-
raphy and climatic conditions, much of the
recent work on air pollution epidemiology
has focused on individual components of air
pollution, rather than sources of pollution or
the entire pollution mix. Because the esti-
mated risks of adverse health effects from
exposure are small, it is difficult to investi-
gate the effect of individual components on
human health. Therefore, consistency of
results from different geographic areas with
different climatic conditions and pollution
mixes is an important consideration in draw-
ing conclusions regarding the health effects
of individual components of air pollution.

In this paper I analyzed the association
between air pollution and the time-series of
daily deaths in three large U.S. metropolitan
areas, Cook County, Illinois, Los Angeles
County, California, and Maricopa County,
Arizona, with different pollution mixes and
climatic conditions. Specifically, I investi-
gated the association between monitored
components of air pollution and daily
nonaccidental deaths in these three areas
over the 9-year period 1987-1995. In addi-
tion to total nonaccidental deaths, I also
analyzed deaths from cardiovascular disease

(CVD), cerebrovascular disease (CrD), and
chronic obstructive lung disease and allied
conditions (COPD). I undertook the analyses
described in this paper to determine whether,
when identical methods of analyses over the
same period of time are used in different geo-
graphic locations, the results for individual
components of pollution are consistent. My
analyses indicated that, although air pollution
was associated with daily mortality in all three
metropolitan areas, there was considerable
heterogeneity from one location to another. I
condude that, while a direct effect of individ-
ual components of air pollution on mortality
cannot be ruled out, individual monitored
components of air pollution are best thought
of as indices of the air pollution mix associat-
ed with mortality and that the best index
varies from one location to another.

Data and Methods
I obtained daily counts of total mortality,
excluding accidents and suicides [i.e.,
excluding International Classification of
Diseases, Ninth Revision, (ICD-9), codes 800
and up] in the three counties from data col-
lected by the National Center for Health
Statistics (NCHS) over the 9-year period
1987-1995. In addition I extracted the daily
counts of deaths due to diseases of the circu-
latory system (ICD-9 codes 390-448),
which I analyzed in two broad subgroups,
codes 390-429, dominated by CVD, and
codes 430-448, dominated by CrD. Finally,
I analyzed deaths from COPD and allied
conditions (ICD-9 codes 490-496, which
includes asthma, ICD-9 code 493).

I obtained air pollution data for Cook
and Maricopa counties from the Aerometric
Retrieval System (AIRS) of the U.S.

Environmental Protection Agency (Research
Triangle Park, NC). The Air Resources
Board of the California Environmental
Protection Agency (Sacramento, CA) provid-
ed the air pollution data for Los Angeles
County. In all three counties, daily readings
were available for the gaseous criteria pollu-
tants, ozone, sulfur dioxide, nitrogen dioxide,
and carbon monoxide. SO2 and NO2 read-
ings in Maricopa County were spotty with a
number of missing days. In Maricopa and
Los Angeles Counties, readings for particu-
late matter < 10 pm (PM10) were available
every sixth day, while in Cook County daily
readings for PM1O were available. In Los
Angeles County, in addition to PM1O, every
sixth day data were available for particulate
matter < 2.5 pm (PM2 5). For my analyses, I
used the average of daily readings over all
monitors in the county for each of the pollu-
tants. I obtained weather-related covariates
(temperature and relative humidity) from the
monitoring stations at the respective airports.

I analyzed the data using Poisson regres-
sion allowing for overdispersion in a general-
ized additive model (GAM) (17). All models
included an intercept term, indicator variables
for day of week, and a spline smoother (30
degrees of freedom except for sensitivity
analyses) for temporal trends. I first investigat-
ed the effect of weather related covariates on
each of the mortality end points. Specifically,
I regressed daily deaths (for each of the mor-
tality end points) against temperature and rel-
ative humidity with various lag times from 0
to 5 days. I modeled the effect of temperature
and relative humidity on mortality using a
spline smoother with 6 degrees of freedom.
Once I found the lags for temperature and
relative humidity that minimized the
deviance, I kept these lags fixed for the subse-
quent analyses incorporating the effect of the
pollutants. In all analyses, missing data were
treated as being missing completely at ran-
dom, and dropped from the analyses.

Once I had determined the optimal
model for weather related effects on mortality,
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Table 1. Distribution of key variables in Cook, Los Angeles, and Maricopa counties.

Temp CO NO2 03 SO2 PM10 PM2.5 Deaths from Total
County (OF) RH (ppb) (ppb) (ppb) (ppb) (pg/mi3) (pg/M3) CVD CrD COPD deathsa

Cook
Minimum -16 35 224 7 0.2 0.5 3 - 21 1 0 77
1 st 35 62 769 20 10 4 25 - 38 7 2 108
Median 51 70 993 25 18 6 35 - 43 9 4 116
3rd 67 80 1,252 30 26 8 47 - 49 11 5 126
Maximum 91 100 3,912 58 67 36 365 - 300 22 13 410
NA 0 0 0 0 0 0 374 - 0 0 0 0
Los Angeles
Minimum 42 11 237 10 0.6 0 7 4 28 4 0 95
1st 58 67 962 30 14 1 33 15 50 11 4 138
Median 63 77 1,347 38 24 2 44 22 57 14 6 149
3rd 67 82 2,160 48 35 4 59 31 64 17 8 161
Maximum 86 98 5,955 102 77 16 166 86 135 36 21 250
NA 0 0 0 0 0 0 2,638 2,783 0 0 0 0

Maricopa
Minimum 37 9 269 2 1 0 9 - 3 0 0 16
1st 61 22 875 14 17 0.5 32 - 11 2 1 35
Median 76 31 1240 19 25 2 41 - 13 3 2 40
3rd 89 44 1,849 26 32 4 51 - 17 5 4 47
Maximum 107 94 4,777 56 50 14 252 - 34 12 11 81
NA 0 0 3 1,967 3 796 2,788 - 0 0 0 0

Abbreviations: 1st, first quartile; 3rd, third quartile; Max, maximum; Med, median; Min, minimum; NA, number of days on which data were unavailable; RH, relative humidity; Temp, temperature.
°Total nonaccidental deaths.

I examined the association between exposure
to a pollutant and daily deaths. Specifically, I
entered each pollutant linearly (with a log
link function) into the regression and exam-
ined lags of between 0 and 5 days. I then
investigated the effect of two or more pollu-
tants, each with the same lag. Finally, I
undertook limited sensitivity analyses to
investigate the effect of the degree of
smoothing on the results.

Results
Table 1 shows the distributions of some key
variables in the analyses. Table 2 shows the
correlations among the pollutants and tem-
perature and relative humidity. The maxi-
mum concentration of PMIO in Cook
County reported in Table 1 is 365 pg/m3. I
was concerned that this high reading reflect-
ed an error in my processing of the pollutant
data. I was reassured, however, by the fact
that the same reading was reported by Styer
et al. (7) in their analysis of air pollution and
mortality in Cook County. There was only
one other day during the study period when
the concentration of PMIO exceeded 150
pg/m3. Exclusion of these two outliers did
not alter the results of my analyses. Table 1
shows that the highest concentrations of
both PMIO and the gases, particularly CO,
were found in Los Angeles.

Table 1 also shows that the maximum
number of daily deaths in Chicago over the
period of the study was an extraordinary 410,
far higher than the number of deaths on any
single day in Los Angeles County, which has
a considerably larger population. These
deaths occurred on 17 July 1995 and were
largely attributed to CVD; there were 300

Table 2. Correlations among key variables in Cook, Los Angeles, and Maricopa counties.

County Temp RH PM10 PM2.5 CO NO2 S02 03
Cook
Temp 1.00 -0.14 0.37 NA -0.08 0.09 -0.02 0.67
RH 1.00 -0.29 NA 0.10 -0.19 -0.26 -0.39
PM10 1.00 NA 0.30 0.49 0.42 0.36
CO 1.00 0.63 0.35 -0.28
NO2 1.00 0.44 0.02
SO2 1.00 0.01
03 1.00
Los Angeles
Temp 1.00 0.08 0.18 -0.07 -0.26 0.04 0.00 0.56
RH 1.00 0.06 0.22 -0.33 0.00 -0.29 0.37
PM10 1.00 0.71 0.45 0.70 0.41 0.20
PM2.5 1.00 0.58 0.73 0.42 0.04
CO 1.00 0.80 0.78 -0.52
NO2 1.00 0.74 -0.10
SO2 1.00 -0.21
03 1.00
Maricopa
Temp 1.00 -0.56 0.11 NA -0.58 -0.32 -0.31 0.73
RH 1.00 -0.24 NA 0.16 0.01 -0.10 -0.47
PM10 1.00 NA 0.20 0.22 0.11 -0.00
CO 1.00 0.66 0.53 -0.61
NO2 1.00 0.02 -0.23
S02 1.00 -0.37
03 1.00

Abbreviations: RH, relative humidity; Temp, temperature.

CVD deaths on that day. On doser examina-
tion, there were only 4 days over the entire 9
year period of the study on which CVD
deaths exceeded 100. These days were 14-17
July 1995, when Cook County experienced a
heat wave with average daily temperatures in
excess of 85°F. The relative humidity hov-
ered around 65% during these 4 days. The
concentrations of the pollutants were not
particularly high during those 4 days. A simi-
lar 4-day period of average daily temperatures
in excess of 850 with relative humidity
around 65% also occurred 1-4 August 1988.

This period was not marked by unusually
high mortality, however. The results of the
analyses reported here were not sensitive to
the removal ofthe period 14-17 July 1995.

Season-specific summary statistics (not
shown in tables) indicated that the median
number of cerebrovascular deaths was more
or less constant from season to season in all
three counties. Total nonaccidental, CVD,
and COPD deaths were highest in winter in
all three counties. The gases, with the excep-
tion of ozone and, in particular CO, peaked
in winter in all three counties. Ozone was
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highest in summer in all three counties.
PMIO was highest in winter and fall in Los
Angeles, in fall in Maricopa, and in summer
in Cook.

Figures 1-3 show the results of GAM
analyses with total nonaccidental mortality
as the end point. These figures show the
results of both single- and two-pollutant
analyses, with a particulate matter metric as
one of the pollutants and one of the gases as
the other.

Table 3 shows the estimated percent
changes in daily CVD deaths in the three
counties for specified increases in pollutants
after controlling temporal trends, tempera-
ture, relative humidity and day of week. The
results for ozone are not shown for Los
Angeles and Maricopa Counties because
these were either negative or small and high-
ly insignificant in those counties. I obtained
similar results for ozone in these two coun-
ties when I restricted analyses to the 6-
month period April-September. For each of
the counties, Table 3 shows the results of
single- and multipollutant analyses with lags
from 0 to 5 days. For the multipollutant
analyses, I chose the gases that appeared to
have the strongest association with CVD
deaths in single-pollutant analyses and used
them along with PM1O (and PM2 in Los
Angeles) in the analyses. The tale also
shows the 95% confidence interval for the
estimated change in daily mortality.

Tables 4 and 5 show the percent changes
in daily COPD and CrD deaths, respectively,
for specified increases in pollutant concentra-
tions after controlling temporal trends, tem-
perature, relative humidity, and day of week.
I do not show results for 03 in Los Angeles
and Maricopa because these were either nega-
tive or small and insignificant both in full-
year analyses and with analyses restricted to
the 6-month period April-September. I do
not present results of multipollutant analyses
of CrD deaths in any of the counties because
there was only weak evidence of any associa-
tion with air pollution, and no evidence of
association with particulate matter. For
COPD mortality there was no evidence of
association with particulate matter in Los
Angeles and Maricopa Counties and only
weak evidence of association with particulate
matter in Cook County. I have, therefore,
presented the results of two-pollutant models
only for Cook County.

In Los Angeles I could investigate the
association between coarse particles, defined
as PM10-PM2.5, and the various mortality
end points. I found no evidence of associa-
tion between the coarse particles and any of
the mortality end points. Even in single-pol-
lutant models, the coefficients for the coarse
particles were either negative or, if positive,
small and highly insignificant.
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Figure 1. Results of GAM analyses of total mortality in Cook County. (A) Single-pollutant model: CO and
PM10. (B) Joint-pollutant model: CO and PM 01 (C) Single-pollutant model: 03. (D) Joint-pollutant model: 03
and PM10. The estimated percent changes (log relative risk x 100) in daily nonaccidental deaths for lags
between 0 and 5 days, are shown together with their 95% confidence intervals adjusted for overdisper-
sion. Although the effect estimates are shown for arbitrary increases in pollutant concentrations, they
can be converted to increases equal to the interquartile ranges by a simple scaling. The interquartile
ranges forthe pollutants were PM10, 22 pg/m3; CO, 0.48 ppm; and O3, 16 ppb.
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Figure 2. Results of GAM analyses of total mortality in Los Angeles County. (A) Single-pollutant model:
PM10 and PM25. (B) Single-pollutant model:CO and NO2. (C) Joint-pollutant model: CO and PM25. (D) Joint-
pollutant model: CO and PM10. The estimated percent changes (log relative risk x 100) in daily nonacci-
dental deaths, for lags between 0 and 5 days are shown together with their 95% confidence intervals
adjusted for overdispersion. Although the effect estimates are shown for arbitrary increases in pollutant
concentrations, they can be converted to increases equal to the interquartile ranges by a simple scaling.
The interquartile ranges forthe pollutants were PM10: 26 pg/m3; PM25: 16 pg/m3; CO: 1.2 ppm; NO2: 18 ppb.
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Figure 3. Results of GAM analyses of total mortality in Maricopa County. (A) Single-pollutant model: CO
and PM10. (B) Joint-pollutant model: CO and PM10. (C) Single-pollutant model: NO2 and S02. (D) Joint-pol-
lutant model: S02 and PM10. The estimated percent changes (log relative risk x 100) in daily nonaccidental
deaths for lags between 0 and 5 days are shown together with their 95% confidence intervals adjusted for
overdispersion. Although the effect estimates are shown for arbitrary increases in pollutant concentra-
tions, they can be converted to increases equal to the interquartile ranges by a simple scaling. The
interquartile ranges for the pollutants were PM10, 19 pg/M3; CO, 0.97 ppm; NO2, 12 ppb; and S02, 3.5 ppb.
Such rescaling is particularly important in interpreting the results for NO2 and SO2 (C). If not properly
interpreted, the data appears to suggest that for lags days 1-4, the toxicity associated with S02 is higher
than that associated with NO2. If the estimated risks are scaled to the interquartile ranges, the toxicity
associated with these gases is quite similar in Maricopa County.

The results were robust to sensitivity
analyses in which I allowed the degrees of
freedom of the spline smoothers of temporal
trends to vary between 20 and 100.

Discussion
Although a number of pollutants must have
been high during the notorious London
smog episode of December 1952, subsequent
analyses of the increased mortality during the
episode considered only particulates and sul-
fur dioxide (14,15). It is generally true that,
before the mid-1990s, most epidemiologic
studies of air pollution and mortality focused
on the particulates and sulfur dioxide, to the
exclusion of other pollutants (13). These
early analyses concluded that particulate mat-

ter, rather than sulfur dioxide, was the likely
culprit in the excess mortality attributed to

air pollution. More recent analyses have
reported associations between other pollu-
tants, such as CO (10,12) and NO2 (13),
and mortality. It is not my intention to sum-

marize the rather substantial epidemiologic
literature on air pollution and mortality that
has appeared in the last decade. The reported
findings from the totality of analyses have

been mixed. In single-pollutant models, most

analyses have reported associations between
various indices of particulate matter and
mortality, although some have failed to find
an association (4. The results of multipollu-
tant analyses have been much more variable.
Some studies have reported robust associa-
tions between indices of particulate matter

and mortality (10), but others, particularly
those that have appeared since the mid-1990s
and considered a number of copollutants,
have reported that the effect of the gaseous

pollutants dominates that of particulate mat-

ter (11,12). Interestingly, a large multicity
study of air pollution and mortality in
Europe (8) reported, in contrast to the results
from analyses stimulated by the London
smog episode, that "sulfur dioxide was more

consistently associated with daily mortality
than were particles." Conclusions made on

the basis of analyses of data from the 1950s
may not hold for the mix of pollutants found
in contemporary cities. And it is entirely pos-

sible that quite different conclusions might
have been reached had the focus of attention
in the early London studies not been restricted
to particulate matter and SO2.

My intention in this study was to exam-
ine the association between all measured
components of air pollution and total and
cause-specific mortality in three large coun-
ties in the United States. My study covered
identical periods and used identical analytic
strategies in all locations. I also considered
longer lags than have been considered in
many of the previous studies. In evaluating
and interpreting the results of analyses in
different locations, it is important to keep in
mind that the uncertainties inherent in the
analyses go far beyond the sampling variabil-
ity that is captured by the standard error or
the confidence interval. These uncertainties
arise from model misspecification, omitted
covariates, and, not least, errors in the mea-
surement of covariates considered in the
models. Thus, it is important to look for
consistency in the overall patterns detected
in the analyses. A single statistically signifi-
cant result may or may not be important
depending on the general context in which it
is observed. For example, if there is truly an
association between some component of air
pollution and an adverse health effect, one
should expect to see a smooth falling off of
effects on both sides of an optimal lag.

Previous publications (7,13) have suggest-
ed that the association of air pollution with
mortality is modified by season. I have not
presented season-specific analyses here. With
four mortality end points of interest, three
geographic locations and five pollutants (six
in Los Angeles), season-specific analyses
would be a major undertaking. I will consider
such analyses in future publications.

I should caution the reader that I have
chosen to present the estimates of effects
associated with individual pollutants in terms
of unit increases in concentration. This pro-
cedure makes comparison of effect estimates
associated with unit increases easier across
different cities, and is, moreover, directly rel-
evant to current standard setting practice.
Some investigators have adopted this
approach; others have preferred to report
effect estimates at the mean concentration or
in terms of interquartile changes in pollutant
levels, which more faithfully represent actual
effects in a given area. Obviously, a simple
scaling is all that is required to move from
any estimate of effect to any other.

Total mortality. The results for total
nonaccidental mortality are shown in Figures
1-3. In Cook County, Figure 1 shows that,
in single-pollutant analyses, CO, PM1O, and
03 were all associated with total mortality.
All the coefficients for CO were positive and
four of the six were significant at the 0.05
level. Similarly, the patterns of estimated
changes in mortality for PMIO and 03 sug-
gest that the associations are not spurious.
Likewise, I found both NO2 and SO2 to be
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strongly associated with mortality in single-
pollutant analyses. These results are not
shown in Figure 1. For NO2 the strongest
association was seen at a lag of 1 day (%
change in daily mortality associated with a 10
ppb increase in NO2 = 1.1, t-statistic = 4.5).
For SO2 the strongest association was also
seen at a lag of 1 day (% change in daily
mortality associated with a 10 ppb increase in
SO2 = 2.4, t-statistic = 4.3). In joint analyses
with one of the gases (analyses with CO and
03 in Figure 1), the coefficients of both the
gas and PM1O were attenuated somewhat,
but both continued to be significant for some
lags. In three-pollutant models (results not
shown), however, the gases dominated and
the coefficients for PMIO became small and
insignificant except at 0 lag. My results for
PM1O are similar to those reported in an ear-
lier study of air pollution and mortality in
Cook County (7). That study concluded
that, in a single-pollutant model, an increase
of 10 pg/m3 in 3-day mean PM1O was associ-
ated with 0.54% increase in daily mortality.
The authors did not report any joint analyses
with other pollutants.

The results for Los Angeles are shown in
Figure 2. In single-pollutant analyses, the fig-
ure shows that PM10, PM2.5, CO, and NO2
were all associated with total mortality, with
the gases showing much stronger associa-
tions. I found no association with ozone,
even when I restricted analyses to the 6-
month period April-September. As can be
seen in Table 2, however, ozone is negatively
correlated with CO, which is strongly associ-
ated with mortality. Surprisingly, even with
the generally low levels ofSO2 in Los Angeles
County, this gas was strongly associated with
mortality (results not shown). The strongest
association with SO2 was seen at a lag of 1
day (% change in daily mortality associated
with a 10 ppb increase in SO2 = 12.1, t-sta-
tistic = 16.0, which is equivalent to about a
3.6 % increase in daily mortality associated
with an increase in SO2 equal to the
interquartile range of 3 ppb). In fact, the
association with SO2, which was stronger, as
judged by the t-statistic, than the association
with NO2, was highly significant at all lags.
In two-pollutant models, with SO2 as one of
the pollutants and either PM1O or PM2.5 as
the other, the coefficients for particulate mat-
ter became either negative or small and high-
ly insignificant, whereas those for SO2 were
robust to the simultaneous consideration of
either one of the particulate matter metrics.
The most plausible explanation of the strong
association with SO2 is that the gas acts as a
marker of the relevant pollution mix.

Figure 2 also shows that, in joint analy-
ses of CO with one of the two particulate
matter metrics, CO dominated completely.
My analyses in this paper are at odds with

Table 3. Results of GAM analyses of CVD mortality in Cook, Los Angeles, and Maricopa counties.

County Lag 0 Lag 1 Lag 2 Lag 3 Lag 4 Lag 5

Cook
Single
PM10 0.75

(-0.13-1.62)
CO -1.07

(-2.67-0.54)
NO2 -0.59

(-1.39-0.21)
S02 1.94

(0.09-3.79)
03 1.51

(0.78-2.24)
SO2, 03 and PM10
So2 0.20

(-0.02-0.42)
03 1.31

(0.49-2.12)
PM10 -0.03

(-1.06-1.00)
Los Angeles
Single
PM10 0.84

(-0.56-2.23)
PM2.5 0.99

CO

NO2
SO2

CO and PM10
CO

PM10

CO and PM2.5
CO

PM2,5

Maricopa
Single
PM10

CO

NO2
SO2

NO2 and PM10
NO2
PM10

(0.10-1.89)
3.47

(2.94-4.00)
1.22

(0.86-1.58)
12.40

(10.16-14.64)

2.27
(0.88-3.66)

-0.43
(-2.12-1.25)

0.43
-1.35-2.20)

0.88
(-0.23-1.99)

1.38
(-1.69-4.45)

0.81
(-0.79-2.39)

1.09
(-0.97-3.14)

-5.51
(-10.33--0.69)

-6.77
(-11.90-1.64)

0.15
(-4.10-4.37)

0.59
(-0.33-1.50)

1.25
(-0.36-2.87)

0.56
(-0.26-1.37)

2.95
(1.1-4.8)

1.32
(0.55-2.09)

0.31
(0.08-0.53)

1.41
(0.56-2.25)

-0.31
(-1.36-0.75)

0.70
(-0.71-2.11)

1.03
(0.15-1.91)

3.93
(3.41-4.46)

1.39
(1.02-1.76)

14.06
(11.81-16.32)

4.33
(2.96-5.69)

-1.63
(-3.32-0.05)

2.88
(1.16-4.60)

0.24
(-0.85-1.33)

4.33
(1.28-7.37)

2.20
(0.61-3.79)

2.30
(0.22-4.37)

-3.94
(-8.78-0.88)

10.13
(4.98-15.27)

3.61
(-0.56-7.77)

0.81
(-0.14-1.77)

1.49
(10.09-3.07)

0.84
(0.02-1.66)

2.33
(0.47-4.20)

0.65
(-0.11-1.40)

0.20
(-0.02-0.41)

0.91
(0.09-1.73)

0.50
(-0.50-1.51)

2.21
(0.81-3.61)

0.78
(-0.11 1.67)

4.08
(3.56-4.60)

1.25
(0.89-1.61)

13.02
(10.77-15.27)

4.72
(3.38-6.05)

-0.28
(-1.93-1.38)

4.65
(2.93-6.37)

-0.50
(1.61-0.61)

2.90
(-0.20-5.99)

3.05
(1.49-4.61)

2.27
(0.20-4.34)

5.16
(0.34-9.98)

6.83
(1.87- 11.79)

2.97
(-1.10-7.01)

1.10
(0.18-2.02)

1.90
(0.32-3.48)

1.03
(0.22-1.84)

2.23
(0.37-4.09)

0.23
(-0.56-1.02)

0.04
(-0.19-0.26)

0.87
(-0.47-1.27)

0.99
(0.03-2.02)

-0.80
(-2.21-0.61)

-0.30
(-1.20-0.60)

3.76
(3.24-4.28)

0.88
(0.52-1.24)

11.21
(8.96-13.45)

4.26
(2.90-5.63)

-3.11
(-4.79--1.43)

5.93
(4.20-7.65)

-1.96
(-3.08-0.84)

1.20
(-1.81-4.20)

3.78
(2.27-5.28)

2.30
(0.92-5.00)

8.70
(3.90-13.49)

1.18
(-3.38-5.73)

2.15
(-1.58-5.88)

0.65
(-0.25-1.54)

1.44
(-0.16-3.03)

0.92
(0.12-1.71)

2.54
(0.73-4.35)

-0.11
(-0.85-0.64)

0.14
(-0.09-0.36)

0.83
(-0.94-0.73)

0.40
(-0.64-1.43)

0.70
(-0.68-2.09)

-0.09
(-0.97-0.79)

2.91
(2.37-3.44)

0.49
(0.12-0.85)

7.33
(5.06-9.59)

2.49
(1.10-3.88)

-0.65
(-2.30-1.01)

3.88
(2.13-5.63)

-1.19
(-2.30--0.09)

1.95
(-0.95-4.84)

3.73
(2.27-5.19)

2.30
(0.98-4.96)

6.65
(1.87-11.42)

4.46
(-0.29-9.21)

0.93
(-3.11-4.97)

-0.18
(-1.08-0.71)

0.72
(-0.89-2.32)

0.28
(-0.53-1.08)

0.93
(-0.90-2.76)

-0.72
(-1.46-0.01)

0.10
(-0.12-0.32)

-0.73
(-1.55-0.09)

-0.18
(-1.22-0.86)

-1.22
(-2.59-0.14)

0.89
(-1.72-0.06)

2.63
(2.09-3.17)

0.31
(-0.06-0.68)

7.36
(5.08-9.65)

5.93
(4.60-7.27)

-4.46
(-6.06--2.85)

5.85
(4.12-7.58)

-2.50
(-3.60--1.40)

4.26
(1.41-7.11)

2.25
(0.76-3.72)

0.54
(-1.45-2.52)

0.35
(-4.45-5.16)

-3.88
(-9.02-1.26)

3.56
(-0.57-7.68)

For lags between 0 and 5 days, the estimated percent changes (log relative risk x 100) in daily CVD deaths associated
with changes in the pollutants are shown. Results for single- and multipollutant models are reported. See "Materials and
Methods" for details. Ninety-five percent confidence intervals adjusted for overdispersion are shown in parentheses.
The estimated changes are for increases of 25 pg/m3 PM10, 10 pg/m3 PM25, 1 ppm CO, and 10 ppb NO2, SO2, and 03.

those reported recently by Kinney et al. (10).
They concluded that CO and PMIO were
independently associated with total nonacci-
dental mortality in Los Angeles County.
They found, moreover, that ozone was
associated with nonaccidental mortality in
single-pollutant analyses. Although their
period of study (1985-1990) did not coin-
cide with mine, there is an overlap of 4

years. I am not sure how to explain the dis-
crepancy in our findings. Their analytic
strategy and methods of analyses were differ-
ent from mine. But, I do not believe that
these differences in approach can explain the
rather discrepant findings. If indeed they do,
then one must conclude that results of time-
series analyses can be quite sensitive to statis-
tical approaches.
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Figure 3 shows the results in Maricopa
County. In single-pollutant analyses, PM1O
and each of the gases was associated with
total mortality (with the exception of ozone,
which was not associated with mortality
even when analyses were restricted to the
period April-September). In two-pollutant
models, the coefficients for the gases were
more robust than those for PMIO. As in Los
Angeles, I found a strong association of sul-
fur dioxide with mortality although levels of
the gas were quite low.

Cardiovascular disease mortality. The
results of analyses of CVD mortality are
reported in Table 3. These analyses showed
that the association of air pollution with
CVD mortality was weaker than the associa-
tion with total mortality. In Cook County,
in single-pollutant analyses, each one of the
pollutants was associated with CVD mortali-
ty: the coefficients for most of the lags were
positive, and some were statistically signifi-
cant (in that the confidence interval did not
include 0). Of the pollutants, S02 appeared
to be most strongly associated with CVD
mortality, followed by NO2. The association
of PM0O with CVD mortality was statistically
significant at a lag of 3 days. In two-pollutant
analyses with one of the gases (not shown),
PMIO continued to be significantly associated
with CVD mortality with a 3-day lag. In
joint analyses with ozone and SO2, however,
three of the six coefficients for PMIO were
negative, and none was statistically significant
(Table 3). Thus, in Cook County, these
analyses indicate that the gases explained the
major fraction of the CVD mortality attrib-
uted to air pollution.

As with total nonaccidental mortality, in
Los Angeles the gases (with the exception of
ozone) completely dominated the association
between air pollution and CVD mortality.
Ozone was not associated with CVD mortal-
ity even when analyses were restricted to the
period April-September. Although in single-
pollutant analyses both PM1O and PM2.5
were associated with CVD mortality, the
coefficients of these two pollutants were not
robust to the inclusion of a gas in the analy-
ses. Results of two-pollutant analyses with
CO are shown in Table 3. As in the case of
total mortality, there was strong association
between S02 and CVD mortality.

In Maricopa County, in single-pollutant
analyses each of the gases (with the exception
of ozone) was associated with CVD mortality,
as was PMIO. In joint analyses with particu-
late matter and one of the gases, the coeffi-
cients for both were somewhat unstable. The
results of two-pollutant analyses with PMIO
and NO2 are shown in Table 3. In these
analyses, the coefficients of NO2 were signifi-
cant at lags of 1 and 2 days, whereas none of
the PM coefficients was significant.

Table 4. Results of GAM analyses of COPD mortality in Cook, Los Angeles, and Maricopa counties.

County Lag 0 Lag 1 Lag 2 Lag 3 Lag 4 Lag 5

Cook
Single
PM10 1.16 2.40 2.66 0.01 1.49 -0.34

(-1.25-3.57) (-0.04-4.80) (0.12-5.20) (-2.55-2.57) (-0.90-3.89) (-2.76-2.08)
CO -2.65 2.80 0.98 2.20 1.31 1.59

(-7.05-1.75) (-1.60-7.19) (-3.34-5.31) (-2.12-6.53) (-3.06-5.68) (-2.78-5.97)
NO2 2.11 2.24 1.24 1.52 0.75 -0.55

(-4.31-0.09) (0.02-4.47) (-1.00-3.49) (-0.70-3.73) (-1.44-2.93) (-2.75-1.65)
SO2 -2.14 2.16 5.81 5.04 1.59 -3.00

(-7.21-2.94) (-2.90-7.21) (0.78-10.83) (-0.01-10.08) (-3.37-6.56) (-8.02-2.07)
03 1.53 1.67 2.65 0.23 -0.53 -2.71

(-0.49-3.55) (-0.45-3.78) (0.50-4.80) (-1.94-2.40) (-2.59-1.53) (-4.74--0.67)
03 and PM10
03 1.40 1.44 2.96 0.96 -1.15 -2.89

(-0.89-3.68) (-0.82-3.70) (0.68-5.24) (-1.30-3.22) (-3.36-1.06) (-5.1 1--0.67)
PM10 1.09 2.03 1.51 0.57 2.16 0.29

(-1.43-3.60) (-0.43-4.48) (-0.95-3.96) (-1.97-3.10) (-0.30-4.62) (-2.20-2.79)
Los Angeles
Single
PM10 1.24 2.90 1.35 -4.94 0.35 -1.19

(-2.61-5.10) (-0.90-6.7) (-2.50-5.21) (-8.75--1.13) (-3.49-4.19) (-5.08-2.70)
PM25 -0.76 1.06 -0.13 -3.45 -2.00 0.12

(-3.20-1.68) (-1.39-3.52) (-2.56-2.29) (-5.81--1.09) (-4.47-0.49) (-2.30-2.53)
CO 3.78 5.23 5.71 5.42 4.01 3.82

(2.31-5.25) (3.78-6.69) (4.26-7.17) (3.95-6.89) (2.51-5.50) (2.31-5.33)
NO2 1.30 1.86 1.70 1.41 0.55 0.23

(0.29-2.31) (0.83-2.88) (0.69-2.71) (0.40-2.41) (-0.46-1.56) (-0.79-1.25)
SO2 14.49 19.41 17.05 16.27 12.93 11.59

(8.13-20.85) (13.05-25.79) (10.71-23.39) (9.93-22.60) (6.56-19.30) (5.50-17.51)
Maricopa
Single
PM10 3.96 4.04 1.47 -5.28 3.96 -3.42

(-2.51-10.42) (-2.55-10.63) (-5.79-8.74) (-13.05-2.50) (-2.60-10.52) (-10.71-3.87)
CO 1.29 4.63 0.07 3.00 6.21 3.27

(-2.19-4.76) (1.17-8.09) (-3.36-3.50) (-0.30-6.30) (3.02-9.40) (0.04-6.50)
NO2 0.77 -0.85 1.91 4.50 2.45 0.19

(-3.68-5.21) (-5.35-3.65) (-2.58-6.39) (0.10-8.90) (-1.85-6.76) (-4.09-4.29)
For lags between 0 and 5 days the estimated percent changes (log relative risk x 100) in daily COPD deaths associated
with changes in the pollutants are shown. Results for single- and two-pollutant models are reported. See "Materials and
Methods" for details. Ninety-five percent confidence intervals adjusted for overdispersion are shown in parentheses.
The estimated changes are for increases of 25 pg/m3 PM1, 10 pg/m3 PM25, 1 ppm CO, and 10 ppb NO2, SO2 and 03.

However, the NO2 coefficients were quite
different from those estimated from the sin-
gle-pollutant models indicating that they
were unstable, whereas the coefficient for
PMIO appeared to be robust to the inclusion
of NO2.

Chronic obstructive pulmonary disease
mortality. The results for COPD mortality
are shown in Table 4. In Cook County, in
single-pollutant analyses, each of the pollu-
tants showed some association with COPD
mortality. Both ozone and PM1O were signif-
icantly associated with COPD mortality
with a lag of 2 days. In joint analyses, how-
ever, the coefficient for ozone at a 2-day lag
remained stable and statistically significant,
whereas the coefficient for PMIO was attenu-
ated and became insignificant.

In Los Angeles County, in single-pollutant
analyses each of the gases (with the exception
of ozone) was associated with COPD mortali-
ty. There was no evidence that either PM10 or
PM2.5 was associated with COPD mortality.

In Maricopa County, in single-pollutant
analyses, CO and NO2 were weakly associated

with COPD mortality. There was no evi-
dence of any association of the other gases or
particulate matter with COPD mortality.

Cerebrovascular disease mortality. The
results for CrD mortality are shown in Table
5. I do not show the results of any two-pollu-
tant analyses because there was little evidence
of an association between particulate matter
and CrD mortality. The most consistent
associations were seen in Los Angeles with
each of the gases (with the exception of
ozone). As in the case of the other end
points, strong and consistent associations
were seen with CO and SO2. In Maricopa
County, strong associations were seen with
CO and weaker associations with NO2 and
SO2. In Cook County, there was a sugges-
tion of a weak association with CO.

Conclusion
It is clear from the analyses presented here
that there was heterogeneity in the associa-
tion of individual components of air pollu-
tion with each of the mortality end points
in the three counties. The most consistent
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Table 5. Results of GAM analyses of cerebrovascular disease mortality in Cook, Los Angeles, and
Maricopa counties.

County Lag 0 Lag 1 Lag 2 Lag 3 Lag 4 Lag 5
Cook
Single
PM10 0.49 0.89 1.62 0.01 -1.00 -0.54

(-1.09-2.08) (-0.75-2.53) (-0.07-3.32) (-1.67-1.69) (-2.60-0.65) (-2.14-1.07)
CO -0.41 3.13 2.12 1.00 2.50 1.88

(-3.30-2.47) (0.23-6.02) (-0.73-4.97) (-1.85-3.86) (-0.36-5.37) (-1.00-4.76)
NO2 0.11 1.19 0.72 0.79 0.24 0.30

(-1.34-1.55) (-0.29-2.66) (-0.76-2.21) (-0.67-2.25) (-1.20-1.68) (-1.15-1.74)
SO2 -0.31 1.07 1.79 0.90 0.02 -1.31

(-3.67-3.01) (-2.29-4.44) (-1.58-5.17) (-2.48-4.28) (-3.28-3.33) (-4.63-2.02)
Los Angeles
Single
PM10 -2.06 -0.55 1.02 1.45 0.02 -1.00

(-4.71-0.58) (-3.15-2.05) (-1.65-3.69) (-1.17-4.08) (-2.68-2.71) (-3.58-1.57)
PM2.5 -1.04 -0.50 0.92 1.43 -1.34 -0.31

(-2.65-0.58) (-2.19-1.19) (-0.72-2.56) (-0.24-3.10) (-3.10-0.41) (-1.94-1.32)
CO 3.31 3.88 3.23 2.65 2.11 2.04

(2.32-4.31) (2.89-4.87) (2.25-4.22) (1.66-3.65) (1.11-3.12) (1.02-3.06)
NO2 1.38 1.33 0.63 0.39 0.13 0.16

(0.70-2.06) (0.64-2.01) (-0.05-1.32) (-0.29-1.08) (-0.55-0.82) (-0.53-0.85)
SO2 11.26 12.62 8.95 5.87 5.65 5.94

(7.03-15.49) (8.36-16.87) (4.69-13.21) (1.62-10.12) (1.39-9.91) (1.63-10.24)
Maricopa
Single
PM10 0.40 -3.37 -1.07 -1.60 0.90 5.30

(-5.28-6.08) (-9.54-2.80) (-6.65-4.51) (-7.35-4.15) (-4.73-6.53) (0.05-10.55)
CO 0.26 3.50 3.52 4.61 4.78 5.15

(-2.65-3.16) (0.60-6.41) (0.66-6.38) (1.85-7.37) (2.10-7.46) (2.45-7.84)
NO2 3.18 3.97 2.45 2.29 2.20 0.16

(-0.42-6.79) (0.32-7.61) (-1.19-6.10) (-1.30-5.87) (-1.30-5.71) (-3.33-3.65)
SO2 13.34 20.99 6.56 4.59 1.35 2.75

(4.68-22.00) (12.35-29.62) (-2.23-15.34) (-4.21-13.39) (-7.41-10.10) (-5.97- 11.47)
For lags between 0 and 5 days the estimated percent changes (log relative risk x 100) in daily CrD deaths associated with
changes in the pollutants are shown. Results for single-pollutant models are reported. See "Materials and Methods" for
details. Ninety-five percent confidence intervals adjusted for overdispersion are shown in parentheses. The estimated
changes are for increases of 25 pg/m3 PM10, 10 pg/M3 PM25, 1 ppm CO, and 10 ppb NO2, SO2, and 03.

finding was that some index of air pollution
was associated with each of the end points,
although the associations with COPD and
CrD mortality were weak except in Los
Angeles County. The gases, with the excep-
tion of ozone, were generally much more
strongly associated with the various
mortality end points than was particulate
matter. Insofar as single-pollutants are con-
cerned, the most striking finding of these
analyses is the strong association between
CO and total and cause-specific mortality,
especially in Los Angeles County. Asso-
ciations between CO and a number of
health end points, including hospital admis-
sions (5,18), and mortality (12), have been
reported in recent papers. In a study of daily
mortality in Toronto, Burnett et al. (12)
reported that once the effect of CO had
been taken into account total suspended
particulate matter (TSP) contributed only a
small amount to the daily mortality.
Curiously, they found a stronger effect of
TSP than sulfates, PM1O, or PM2.5. They
had no direct measures of PMIO and PM25s
in their study, however. Concentrations of
these pollutants were imputed from other
measurements.

The surprisingly strong association
between SO2 and mortality in Los Angeles is
also worthy of note. Not only was this asso-
ciation strong as judged by the t-statistic, but
also the estimated percentage changes in the
end points of interest for a 10-ppb change in
SO2 were surprisingly large. The interquar-
tile range of SO2 concentrations in Los
Angeles was about 3 ppb, and my finding of
changes in total mortality of the order of
12% for a 10 ppb change in SO2 translates
into a change of about 3.6% for a change in
SO2 equal to the interquartile range. I
believe that the most appropriate interpreta-
tion of these findings is not that SO2 has a
direct effect on these end points, but that,
even at low levels, fluctuations in SO2 in Los
Angeles County efficiently track changes in
the air pollution mix responsible for the
effects. The results for SO2 suggest strongly
that components of air pollution cannot be
ignored in regression analyses even when lev-
els of these pollutants are low. The idea of
control of confounding by restriction has
been used in air pollution epidemiology. For
example, in a study of mortality in Utah (6),
it was suggested that SO2 could be safely
ignored because levels were low. The results

in Los Angeles show that this reasoning
is flawed.

Coherence of effects is often examined
in evaluating epidemiologic data on the
health consequences of air pollution. Simply
stated, this argument says that consistency
of effects across a spectrum of health out-
comes strengthens the case that association
between air pollution and a specific health
end point is not spurious. In recent publica-
tions (20,21) I have examined the associa-
tion between air pollution and hospital
admissions for cardiovascular, cerebrovascu-
lar, and chronic obstructive pulmonary dis-
ease in Cook, Los Angeles, and Maricopa
counties over the time period 1987-1995,
which is identical to the time period of this
study. The ICD-9 codes I used to define the
admissions were identical to the ICD-9
codes used in this paper to define the mor-
tality end points. I also used an identical
analytic strategy. A consistent result from
these analyses is that the gases are more
strongly associated with each of the end
points than is particulate matter. The
strong association of CO and SO2 with
each of the end points in Los Angeles is also
noteworthy.

Human populations, particularly in
urban areas, are exposed to a complex air
pollution mixture consisting perhaps of
thousands of components. We probe this
complex mixture by monitoring a half
dozen criteria pollutants. Regression analy-
ses using this limited set of pollutants must
be interpreted carefully. In the analyses that
I have presented here, the recent emphasis
on particulate matter appears to be mis-
placed, and gases, particularly CO, appear
to be most consistently associated with total
nonaccidental, CVD, CrD, and COPD
mortality. However, suggestive results for
any single-pollutant must be considered in
the context of the entire pollution mix,
much of which is not accounted for in ana-
lytic models. With respect to the monitored
components of air pollution, the most plau-
sible interpretation of a positive association
with adverse health effects is that the pollu-
tant is simply an indicator of either a
pollution source or, more generally, of the
mixture of pollutants that is associated with
adverse health effects, although a direct
effect of the pollutant cannot be ruled out.
Thus, for example, CO may simply be a
surrogate for mobile source pollution,
although a plausible case can be made for a
direct effect of CO on cardiorespiratory
end points (12). In the face of the hetero-
geneity of results presented here, attempts
at quantitative meta-analyses (16) to arrive
at a best estimate of risk associated with
any single pollutant would appear to
be misguided.
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